The crystal structure of the 2A proteinase from human rhinovirus serotype 2 (HRV2-2A pro ) has been solved to 1.95 Å resolution. The structure has an unusual, although chymotrypsin-related, fold comprising a unique four-stranded β sheet as the N-terminal domain and a six-stranded β barrel as the C-terminal domain. A tightly bound zinc ion, essential for the stability of HRV2-2A pro , is tetrahedrally coordinated by three cysteine sulfurs and one histidine nitrogen. The active site consists of a catalytic triad formed by His18, Asp35 and Cys106. Asp35 is additionally involved in an extensive hydrogen-bonding network. Modelling studies reveal a substrate-induced fit that explains the specificity of the subsites S4, S2, S1 and S1Ј. The structure of HRV2-2A pro suggests the mechanism of the cis cleavage and its release from the polyprotein.
Introduction
The successful replication of many viruses depends upon proteolytic processing. Most picornaviruses, a family including poliovirus, human rhinovirus and foot-andmouth-disease virus, encode at least two proteinases that cleave the primary translation product of protein synthesis, generated from the unique single open reading frame of the positive-strand RNA genome (Ryan and Flint, 1997) . The processing pattern varies subtly amongst family members. In entero-and rhinoviruses, the initial cleavage is accomplished by the 2A proteinase (2A pro ) which cleaves between its own N-terminus and the C-terminus of VP1, thereby separating the capsid protein precursor from that of the non-structural proteins (Toyoda et al., 1986) . All of the other processing steps, except for a maturation cleavage occurring during capsid assembly, are carried out by the 3C proteinase (3C pro ) and/or its immediate precursor 3CD pro (Dougherty and Semler, 1993) .
Like many viral proteins, both 2A pro and 3C pro are multifunctional enzymes. In addition to processing the viral polyprotein, 2A pro may play a role in RNA replication (Molla et al., 1993; Yu et al., 1995) . Furthermore, 2A pro specifically cleaves both homologues of the host protein eukaryotic initiation factor eIF4G (Lloyd et al., 1988; Gradi et al., 1998) . The eIF4G homologues are part of the initiation factor complex eIF4F, which also comprises the RNA unwinding protein eIF4A and the cap binding protein eIF4E. This complex is required for recruitment of capped cellular mRNA to the ribosome; cleavage of the eIF4G homologues impairs this process and leads to the so-called host-cell shut-off, i.e. the inability of the cell to initiate protein synthesis on its own mRNA. However, as the ribosomes initiate internally on a higher ordered structure in the 5Ј UTR of the picornaviral mRNA known as the IRES (internal ribosome entry segment; Jackson et al., 1990; Jang et al., 1990; Belsham and Sonenberg, 1996) , picornaviral protein synthesis is not affected. Indeed, IRES-dependent initiation is actually stimulated by 2A pro cleavage of eIF4G (Hambidge and Sarnow, 1992; Liebig et al., 1993; Ziegler et al., 1995; Borman et al., 1997) .
Both the 2A pro of rhino-and enteroviruses, and the 3C pro present in all picornaviruses, were predicted to possess a chymotrypsin-like fold by alignment to known structures, even though cysteine is their active site nucleophile (Bazan and Fletterick, 1988; Gorbalenya et al., 1989) . Determination of the three-dimensional structures of 3C pro from hepatitis A virus (HAV), human rhinovirus serotype 14 (HRV14) and poliovirus 1 (PV1) confirmed these predictions (Allaire et al., 1994; Matthews et al., 1994; Bergmann et al., 1997; Mosimann et al., 1997) . We have determined, by X-ray crystallography, the threedimensional structure of the wild-type HRV2-2A pro at 1.95 Å resolution. The structure illuminates the proteolytic mechanism of both intramolecular and intermolecular cleavage, shows how HRV2-2A pro coordinates the bound zinc ion and provides a clear explanation for its restricted substrate specificity. Most importantly, however, given the high degree of conservation amongst the 2A pro of rhinoviruses and of enteroviruses, this structure has potential for the design of antiviral drugs, especially as an enteroviral 2A pro from coxsackievirus serotype B3 has recently been shown to cleave heart muscle dystrophin specifically and may thus be implicated in events leading to virally induced myocarditis .
Results and discussion
The structure of recombinant mature HRV2-2A pro Figure 1A shows the overall structure of HRV2-2A pro as determined using the multiwavelength anomalous dispersion (MAD) technique (see Materials and methods and Table I for crystallographic parameters). The asymmetric unit contains two HRV2-2A pro molecules (designated A and B) . Each molecule has a structure comprising an N-terminal domain and a C-terminal domain. An assignment of the β strands in HRV2-2A pro is shown in Table II . (Read et al., 1983) . β strands of the N-terminal domain (light blue, Roman numeral I) and the C-terminal domain (dark blue, Roman numeral II) are indicated. Members of the catalytic triad, the zinc ion (purple sphere) and the zinc binding site are shown. (B) Superposition of the A molecule (red) and B molecule (blue) of HRV2-2A pro in the asymmetric unit. Figure 1 as well as Figures 2, 3 , 5, 6 and 7 were generated using the program MOLSCRIPT (Kraulis, 1991) and rendered using Raster3D (Merrit and Bacon, 1997) , except where otherwise stated.
The N-terminal domain is constructed from four β strands (bI2, cI, eI2 and fI) that form a β sheet. In addition, the first four amino acids form a type I β turn that is well ordered in both molecules. Of the two active site residues found in the N-terminal domain, His18 is situated in a 5464 short 3 10 helix following strand cI, whereas Asp35 is found in a loop connecting strand eI2 to strand fI. The N-terminal domain is connected to the C-terminal domain by residues 40-52, forming an interdomain loop. A topologically similar loop found in the picornaviral 3C proteinases holds the consensus sequence Lys-Phe-ArgAsp-Ile, which has been implicated in RNA recognition (Matthews et al., 1994; Bergmann et al., 1997; Mosimann et al., 1997) . However, this motif is not found in the interdomain loop of 2A pro . The C-terminal domain itself is a six-stranded β barrel comprising residues 52-132 and is built up of strands aII, bII1, bII2, cII, dII, eII and fII. The nucleophilic Cys106 lies between two consecutive type II β turns (Glu102-Asp105 and Asp105-Gly108) preceding strand dII. A one-turn 3 10 helix is present at the C terminus (residues 134-137). In addition, Cys138 forms an intermolecular disulfide bridge with Cys138 from a symmetry-related molecule. The last three residues (140-142) could not be traced in the electron density map for either molecule A or B. These are most likely disordered. In enteroviruses, the C terminus has been implicated in viral RNA replication (Lu et al., 1995) . Such a correlation has not been described for HRV2-2A pro , which contains 3-4 fewer amino acids.
The two molecules in the asymmetric unit are shown superimposed upon each other in Figure 1B . The root mean square deviation (r.m.s.d.) between 130 equivalent C α atoms is 0.53 Å (cut-off 1.5 Å). The largest conformational difference between the molecules is in the loop from residues 19 to 29, following His18. Surprisingly, this is not the region of the molecule with the highest temperature factors; indeed, these residues in both molecules are reasonably well defined in the electron density. Intermolecular interactions between the β strand eI2 (residues 30-35) in molecule A and an equivalent strand from a symmetry-related B molecule, which follows this region, may explain the differences. These large differences indicate that this loop is flexible in solution. The second largest difference between the A and B molecules is found in a β hairpin loop formed by residues 80-90. This region exhibits the largest temperature factors in both molecules and also has the least well-defined electron density.
Comparison to other chymotrypsin-related proteinases
The fold of HRV2-2A pro has been proposed to be closely related to that of the chymotrypsin-related proteinases (Bazan and Fletterick, 1988; Gorbalenya et al., 1989; Sommergruber et al., 1997) . In Figure 2 , a structural alignment between molecule A of HRV2-2A pro and the Streptomyces griseus proteinase B (SGPB) is shown (Read et al., 1983 ; PDB accession code 3SGB). SGPB was chosen as a representative structure of a minimal chymotrypsin-like proteinase fold. Although SGPB shares Ͻ20% sequence identity with HRV2-2A pro , Figure 2 shows that the two structures align reasonably well with an r.m.s.d. between 50 C α atom pairs of 0.9 Å (cut-off 1.5 Å). The most dramatic differences are found in the N-terminal domain in which only four β strands (bI2, cI, eI2 and fI) superimpose; β strands aI, bI1, dI and eI1 present in the bacterial enzyme are missing in HRV2-2A pro (Figure 2) . Thus, one can consider the N-terminal domain of HRV2-2A pro to be a severely truncated β barrel in which Matthews (1968) .
R work is calculated from a set of reflections where 10% of the total reflections have been randomly omitted from the refinement and used to calculate R free .
only one of the four-stranded β sheets is conserved. The C-terminal domains of the two proteinases are topologically identical. Interestingly, the catalytic triads of the two proteinases also align reasonably well. In general, it seems that, amongst the chymotrypsin-related proteinases, the N-terminal domain allows for larger topological variations than does the C-terminal domain. In the Sindbis core protein, the six-stranded β barrel of the N-terminal domain (Hutchinson and Thornton, 1996) .
is reduced to a five-stranded β barrel (Choi et al., 1991) . Moreover, the hepatitis C virus NS3 proteinase has a peptide cofactor inserted into its N-terminal domain in the place of one of the β strands (Kim et al., 1996; Love et al., 1996) . However, HRV2-2A pro is unique as it is the first known chymotrypsin-like proteinase in which the N-terminal domain is not a β barrel, but a four-stranded antiparallel β sheet. Figure 1A . N-(light blue) and C-terminal (dark blue) β strands are shown. Labelled residues are those coordinating the zinc ion (purple sphere). The β strands adjacent to the coordinating residues are labelled. (Alberts et al., 1998) . Studies of the binding of the zinc ion suggest that it is tightly bound and essential for the structure (Sommergruber et al., 1994b; Voss et al., 1995) . The zinc ion is not accessible to other ligands; therefore, it is very unlikely that it has any functional role such as binding to RNA. In addition, the distance to the active Fig. 4 . Multiple sequence alignment of picornaviral 2A proteinases. All sequences were retrieved from the Swissprot database. Blue columns, identical residues; red columns, highly conserved residues. hrv, human rhinovirus; pol, poliovirus; svdvu, swine vesicular disease virus; bobev, bovine enterovirus; cox, coxsackievirus; ec, echovirus; he, human enterovirus. Numbers following these codes indicate the serotype.
site is Ͼ20 Å, thus making a direct influence of the zinc ion on the proteolytic activity of HRV2-2A pro improbable.
At present, the only other known example of a zinc binding site in a chymotrypsin-related proteinase is that in the NS3 serine proteinase of hepatitis C virus (Kim et al., 1996; Love et al., 1996) . This zinc ion is also believed to be involved in maintenance of the structure. Interestingly, the NS3 proteinase zinc binding site is located in a similar position to that in HRV2-2A pro . As in HRV2-2A pro , the zinc site connects the interbarrel loop (ligands Cys97S γ and Cys99S γ ) with the turn between the β strands dII and eII (ligands Cys145S γ and a water 5467 molecule hydrogen bonded to His148). Nevertheless, the binding sites are not identical, as the zinc ion can be removed from the NS3 proteinase simply by dialysis against EDTA (Stempniak et al., 1997) . In contrast, removal of the zinc ion from HRV2-2A pro requires prior denaturation of the enzyme with 8 M urea (Sommergruber et al., 1994b; Voss et al., 1995) .
Why does HRV2-2A pro possess a zinc binding site? This site in HRV2-2A pro is probably an essential structural element. The reduced size of the N-terminal domain may destabilize the overall fold of the enzyme; the structural zinc site may then compensate by conferring extra stability on the protein. As HRV2-2A pro is an intracellular enzyme, a zinc binding site might be the only alternative to the introduction of a disulfide bridge. A disulfide bridge in chymotrypsin is found at Cys136-Cys201, which is adjacent to the site that binds zinc in HRV2-2A pro (Tsukada and Blow, 1985) .
The HRV2-2A pro active site
The active site of HRV2-2A pro (Figure 5a ) consists of a catalytic triad including His18 (the general base), Asp35 and Cys106 (the nucleophile). It is located at the junction of the N-and C-terminal domains ( Figure 1A) , as is the case for all known chymotrypsin-related serine and cysteine proteinases. Mutagenesis has previously implicated these three amino acids as active site residues in PV1-2A pro (Yu and Lloyd, 1991) and HRV2-2A pro (Sommergruber et al., 1997) . In addition to the hydrogen bond to His18N δ1 , Asp35 makes hydrogen bonds with Asn16, Tyr86, Thr121 and the main-chain amide nitrogen of His18. Furthermore, Thr121 is involved in a hydrogen bond with Gln91 ( Figure 5A and B). All the abovementioned residues are highly conserved among the enteroviral and rhinoviral 2A cysteine proteinases (Figure 4 ). Cys106 and His18 at the active site of HRV2- 2A pro may exist as an imidazolium-thiolate ion pair identical to that found in the papain-like proteinases (E. Bergmann, personal communication) . Figure 5A shows a structural alignment between the active sites of the A and B molecules. Clearly, the conformation of the active site deviates between the two molecules. In particular, a significant variation occurs in the Asp35O δ1 -His18N δ1 and His18N ε2 -Cys106S γ distances (Table III) . Although His18 is well defined in the electron density in both molecules, it probably exhibits conformational variability in solution, as the strand following His18 shows the largest deviation between the two molecules.
A similar flexibility is not observed amongst other chymotrypsin-related serine proteinases, in which the active site is fairly rigid. For example, in α-chymotrypsin, the difference between the two molecules of the asymmetric unit in the distance between the nucleophile (Ser195O γ ) and the general base (His57N ε2 ) is only 0.1 Å (Tsukada and Blow, 1985 ; PDB accession code 4CHA). The relatively great flexibility of His18 is probably not crucial for the activity of HRV2-2A pro , given that the active site is a thiolate-imidazolium ion pair. In this case, there are not the same restraints on the relative distance and orientation between the general base and the nucleophile as in the chymotrypsin-like serine proteinases. In these enzymes, such flexibility would most likely be fatal, as a wellestablished hydrogen bond between donor and acceptor atoms is a prerequisite for proton transfer.
Given the observed flexibility of His18, Asp35 becomes crucial in stabilizing this residue. Asp35 is fixed by an elaborate hydrogen-bonding network ( Figure 5A and B) . This network involves Asn16, Tyr86 and Thr121 as well as the main-chain amide of His18. Assuming that His18 is an imidazolium ion and Asp35 is a negatively charged carboxylate ion, all hydrogen bonds involving Asp35 have the latter residue as a hydrogen acceptor. In particular, Asn16 and Thr121 are important as hydrogen donors. Mutation of Asn16 to Ala inactivates the enzyme totally (Sommergruber et al., 1997) . Thr121 is fully conserved among the entero-and rhinoviruses (Figure 4 ). In addition, replacement of Thr121 in PV1-2A pro with serine had only a marginal effect on activity, indicating the requirement for the hydrogen bond. In contrast, substitution of Thr121 with Asn dramatically affected activity (Yu and Lloyd, 1991) . Interestingly, Thr121 is involved in a hydrogen bond with Gln91 acting as a hydrogen donor. Gln91 is also fully conserved among the entero-and rhinoviruses (Figure 4) . Similarly, Tyr86, which is situated in one of the most flexible regions of HRV2-2A pro , is fully conserved among the entero-and rhinoviruses (Figure 4) , and also forms a hydrogen bond to Asp35. However, owing to its great flexibility, Tyr86 probably does not stabilize Asp35.
The topology of the active site of HRV2-2A pro resembles that of PV1-3C pro (data not shown). An important difference, however, is that whereas the third member of the catalytic triad is an Asp in HRV2-2A pro , it is a Glu in PV1-3C pro . In HAV-3C pro , the active site consists of a dyad involving the general base (His44) and the cysteine nucleophile. The histidine is stabilized by a hydrogen-bonding network involving a bridging water molecule (Bergmann et al., 1997) . Surprisingly, relative to 3C pro , the active site of HRV2-2A pro is more similar to the chymotrypsin-like serine proteinases, all of which have a classical catalytic triad of Ser, His and Asp.
The oxyanion hole
In chymotrypsin-like proteinases, the oxyanion hole serves to stabilize the negative charge developing on the P1-carbonyl oxygen atom during the formation of the tetrahedral intermediate. The oxyanion hole consists of a type II reverse turn preceding the nucleophile and has two main-chain amides pointing towards the P1-carbonyl oxygen atom. The structure of the oxyanion hole in the A molecule of HRV2-2A pro is shown in Figures 5C, 6A and B. Asp105 forms hydrogen bonds with Glu102 (mainchain N), ) and Lys62 (mainchain N), with the interaction between Asp105 and His63 being most likely a salt bridge. This hydrogen-bonding network seems to stabilize the oxyanion hole by anchoring the two consecutive type II reverse turns formed by residues 102-108 to a hairpin loop formed by strands aII and bII1 (residues 62-65). The importance of this interaction is shown by experiments in which Asp105 was replaced with either Ser or Asn; both changes inactivated the enzyme (Sommergruber et al., 1997) . In addition, Asp105 is also fully conserved among all 2A pro from entero-and rhinoviruses, although His63 is not (Figure 4) .
The above-mentioned hydrogen-bonding pattern is similar to that in bacterial chymotrypsin-like proteinases such as α-lytic proteinase (αLP; Fujinaga et al., 1985) and SGPB. These chymotrypsin-like serine proteinases have the sequence Gly-Asp-Ser-Gly around the nucleophile, which corresponds to Gly-Asp-Cys-Gly of 2A pro . In all chymotrypsin-like serine proteinases, the Asp forms a hydrogen bond both to the main-chain N at position -3 from the nucleophile in its own reverse turn and to β strands topologically identical to aII and bII1 found in HRV2-2A pro ( Figure 5C ). In contrast, a similar hydrogenbond pattern is not found either in PV1-3C pro or in HAV-3C pro . In PV1-3C pro , the residue preceding the nucleophile is Gln, whereas in HAV-3C pro it is Met. In both cases, there are no interactions with strands aII and bII1. Mutation of the active site Cys172 in HAV-3C pro to Ala causes the oxyanion hole to collapse (Allaire et al., 1994) . This suggests that the thiolate ion of the proposed imidazoliumthiolate ion pair stabilizes the oxyanion hole by electrostatic interactions, forcing the main-chain carbonyl oxygens from the two residues preceding the nucleophile away from the thiolate ion (E.Bergmann, personal communication). Although we believe that a similar stabilizing imidazolium-thiolate ion pair is present in HRV2-2A pro , it appears that the hydrogen bond network formed by Asp105 confers additional stability on the oxyanion hole. The reason for the differences in hydrogen-bonding patterns between the oxyanion holes of picornaviral 2A pro and 3C pro remains unclear.
Substrate binding
In order to understand the specificity of HRV2-2A pro , an oligopeptide was modelled into the substrate-binding site. As a basis for the modelling, the complex between SGPB and the third domain of the turkey ovomucoid inhibitor (OMTKY3) was used (Read et al., 1983) . This complex is a representative of the canonical substrate binding, involving an antiparallel β-strand interaction between P2-P4 from the substrate and the eII strand from the proteinase, which is found in all chymotrypsin-related proteinases (Read and James, 1986; Bode and Huber, 1992) . The nomenclature Pn-P1-P1Ј-PnЈ of substrate or inhibitor is that of Schechter and Berger (1967) , with the scissile peptide bond lying between P1 and P1Ј. In addition, the P1-carbonyl oxygen atom points into the oxyanion hole. A strand going from P1Ј to P5 was modelled into the substrate-binding site in HRV2-2A pro by structurally aligning the oxyanion hole (residues 101-106 in HRV2-2A pro and residues 136-141 in SGPB) and the eII strand (residues 120-124 in HRV-2A pro and residues 156-159 in SGPB) between the SGPB-OMKTY3 complex and HRV2-2A pro . Residues 14-19 corresponding to subsites P5-P1Ј from the OMKTY3 in the SGPB-OMKTY3 complex were then used as a basis for the further modelling of the substrate interactions in HRV2-2A pro . The substrate was manually adjusted to ensure that the P1-carbonyl carbon atom did not form van der Waals overlaps with Cys106 whilst maintaining the antiparallel β-strand interaction. The side chains from the OMTKY3 strand were replaced with the side chains Ile-Ile-Thr-Thr-Ala*Gly (the asterisk marks the cleavage site) corresponding to the sequence around the cis-cleavage site between the C terminus of HRV2-VP1 and the N terminus of HRV2-2A pro (Sommergruber et al., 1992) . Figure 6A , B and C shows the docking of the substrate to the oxyanion hole and the eII strand. Clearly, severe van der Waals clashes exist between the docked substrate and HRV2-2A pro ( Figure 6A) , with Tyr85 from HRV2-2A pro forming the most serious overlap with the substrate at P2-Thr. Tyr85 is part of a β-hairpin loop, extending from residue 80 to residue 90, which contains the conserved residues Tyr85, Tyr86 and Pro87. We have named this β-hairpin loop the dityrosine flap.
How can the cleft accommodate a residue at P2 and, furthermore, define the observed preference for Thr? Examination of the differences between the molecules in the asymmetric unit provides a clue. As mentioned, the dityrosine flap is one of the regions showing the largest structural differences between the A and B molecules. The deviation can best be described as a rigid-body rotational movement of the loop around two hinges formed by the peptide bonds from residues 74-75 and 94-95 in HRV2-2A pro ( Figure 1B) . Residues 82-85 from this β-hairpin loop form one side of the substrate-binding cleft. Owing to the difference in conformation of the dityrosine flap, the width of the substrate-binding cleft differs by 1-1.5 Å between the two molecules in the asymmetric unit. The cleft is narrower in the A molecule, in which severe van der Waals clashes are found not only between the modelled oligopeptide and Tyr85, but also between the modelled side-chain atoms of the oligopeptide and the main-chain atoms of all residues from 83 to 85. In the B molecule, however, the only van der Waals clashes are those between Tyr85 from HRV2-2A pro and P2-Thr. This structural difference may be representative of the dynamic behaviour of the dityrosine flap in solution. In addition, the fairly long minimal substrate spanning P7 to P2Ј (Sommergruber et al., 1992) may be required to provide sufficient binding energy to overcome the partial occlusion of the binding cleft by this portion of the dityrosine flap. As the B molecule of HRV2-2A pro contains the most open substrate-binding cleft with the least van der Waals clashes, only this model will be discussed further.
A prerequisite for binding of the Thr residue at P2 is the rotation of Tyr85 around its C α -C β bond, away from its original position ( Figure 6B ). Interestingly, in this model, P2-Thr is able to form a hydrogen bond with Ser83 (Humphrey et al., 1996) . 5471 from the dityrosine flap. Ser83 is not a conserved residue; however, all residues in the equivalent position of other 2A proteinases have potential as hydrogen bond acceptor or donor atoms (Figure 4 ). In the free enzyme, the side chain of Tyr85 is stacked upon His18. The ability of P2-Thr to form a hydrogen bond with Ser83 from HRV2-2A pro might compensate for turning Tyr85 away from its stacked position. In addition, the C γ2 methyl group from the P2-Thr residue might provide further favourable binding energy in terms of additional buried accessible surface area. These features could explain why peptide substrates with a Thr in the P2 position are accepted 5-fold more efficiently than those with Ser at P2 and why no cleavage is observed for those peptides bearing a Val at P2 (Sommergruber et al., 1992) .
The model of substrate binding also provides explanations for the absolute requirement of a Gly in the P1Ј position and for the strong preference for either a Leu or Ile in the P4 position. Leu19 from HRV2-2A pro blocks any access to a possible S1Ј site ( Figure 6B ). In contrast, the S4 site is a fairly narrow hydrophobic pocket that favours the reasonably flexible hydrophobic side chains in residues such as Leu or Ile ( Figure 6C ).
The S1 site
The wild-type amino acid at P1 in the HRV2 viral polyprotein cleavage site is alanine. However, oligopeptide substrates having the residues Thr, Leu, Phe and Tyr at P1 have comparable cleavage efficiencies, as measured by k cat /K m values (Sommergruber et al., 1992) . In addition, an oligopeptide with Met at P1 was cleaved 5-fold better than the wild-type peptide. Furthermore, substrates containing the positively charged residues Arg and Lys were also cleaved, albeit less efficiently, whereas substrates containing Asp and Glu at P1 were not cleaved (Sommergruber et al., 1992) .
How does the model of substrate binding to HRV2-2A pro account for these findings? The surface of the S1 site is shown in Figure 6C . The S1 pocket, formed by residues from the eII strand (residues 122-123) and the oxyanion hole (residues 101-106), is fairly narrow and flat and filled out mainly by the side chain of Cys101. This residue is not conserved among the entero-and rhinoviruses, but is replaced with either a Ser or an Ala (Figure 4 ). Based on this flat and narrow character, the long and flexible methionine side chain could easily be accommodated in the S1 site. Side chains such as Phe and Tyr do not have the same conformational freedom. It is very likely that the favourable binding energy gained by having a large buried surface area is outweighed by having to force the side chain into an unfavourable conformation. This provides a reasonable explanation of why peptides with these side chains have similar cleavage efficiencies to those with Ala. At the bottom of the pocket, a negatively charged region is provided by the carboxylate side chain of Glu102. This negative charge probably prevents P1 Glu and Asp side chains from entering the S1 pocket due to unfavourable electrostatic interactions, whilst supporting substrates with P1 Lys or Arg, such as that found in the eIF4G cleavage site utilized by the virus in the shut-off of host-cell protein synthesis (Lamphear et al., 1993) .
HRV2-2A pro self-processing: a cis-event?
It has been proposed that HRV2-2A pro performs the first cleavage of the polyprotein as an intramolecular (cis) cleavage between its own N terminus and the C terminus of the capsid protein, VP1, while still on the ribosome (Toyoda et al., 1986) . However, recent evidence from IRES screening experiments indicates that the proteolytic processing of the polyprotein by 2A pro might not occur co-translationally (Paul et al., 1998) . Nevertheless, the cis cleavage constitutes a special case because the P1Ј residue is at the same time the N-terminal residue of 2A pro so that the substrate is covalently attached to the proteinase. In all characterized viral proteinase cis-cleavage sites, the P1Ј residue is a Gly; this appears to be a general requirement for both cis and trans cleavage. However, the specificity requirements for the other sites (P4 and P2) may not be as stringent for the cis cleavage. In a study by Hellen et al. (1992) , it was found that the specificity requirement was less stringent for the cis cleavage than for the trans cleavage for PV1-2A pro . As the substrate is covalently attached to 2A pro before the cis cleavage, this huge favourable entropic term for substrate binding might explain the less stringent specificity.
In the case of HRV2-2A pro , the oligopeptide derived from the cis-cleavage site between HRV2-VP1 and HRV2-2A pro (Thr-Arg-Pro-Ile-Ile-Thr-Thr-Ala*Gly-Pro-Ser-AspMet) is also a good trans substrate of HRV2-2A pro (Sommergruber et al., 1992) . In the HRV2-2A pro structure, the N terminus forms a type I reverse turn. The well-defined electron density and low B-factors in both molecules in the asymmetric unit suggest that this loop is a very stable part of the HRV2-2A pro structure. A strong hydrogen bond is observed between the protonated α-amino group of Gly1 and the carboxylate side chain of Asp4 ( Figure 7A ). However, this is not a conserved motif among 2A proteinases from either rhino-or enteroviruses (Figure 4) . It is, therefore, difficult to predict whether the loop is a conserved structural feature of all the 2A cysteine proteinases and whether it serves as a general protection against product inhibition. The 3C proteinases of both entero-and rhinoviruses also have cis-cleavage activity. In the known 3C pro structures of PV1, HRV14 and HAV, the N-terminal residues are helical, a structure that has been proposed to protect the enzyme from product inhibition (Matthews et al., 1994; Bergmann et al., 1997; Mosimann et al., 1997) . No such helix is present in HRV2-2A pro .
The structure of HRV2-2A pro provides a picture of the enzyme after cis cleavage has taken place. Immediately prior to the reaction, however, the N terminus of 2A pro and the C terminus of VP1 must have been covalently linked together at the active site. Thus, Gly1 must be bound at the S1Ј site during the cis cleavage. Inspection of the structure of HRV2-2A pro shows that rearrangement of HRV2-2A beyond Met5 would probably affect the stability of the N-terminal β sheet and thus also of the active site. It is, however, indeed possible to bring the N terminus in proximity to the S1Ј site by adjusting only 5472 the main chain and torsion angles of the first five residues ( Figure 7B ). The 2A cysteine proteinase must therefore be otherwise fully folded prior to cis cleavage.
Interestingly, the cis cleavage between VP1 and 2A pro resembles the processing of the proenzyme of αLP (Sauter et al., 1998) . αLP is a chymotrypsin-like bacterial serine proteinase consisting of 198 residues. The proenzyme of αLP contains an N-terminal extension (166 residues) called the prosegment that acts as a foldase catalysing the folding of an intermediate state of αLP to the active, mature enzyme. Subsequently, the proenzyme is processed by a cis cleavage between the C terminus of the prosegment and the N terminus of αLP. Recently, the crystal structure of a stable complex between the free prosegment and mature αLP was solved (Sauter et al., 1998) , revealing that the C terminus of the prosegment was bound in a product-inhibited fashion to the substrate-binding cleft (subsites S1-S4). The N terminus of αLP in the αLP-prosegment complex occupies the same position observed in the native enzyme (Fujinaga et al., 1985) , as part of the end of a β strand distant from the S1Ј site. Thus, both the prosegment and αLP must become fully folded prior to the cis-cleavage event; furthermore, only the N terminus of the αLP must rearrange. It is very likely that a similar process occurs for the cis cleavage between VP1 and 2A pro in which the two structures must be fully folded in their native states except for the C terminus of VP1, which occupies subsites from S7 to S1 and the N terminus of 2A pro .
HRV2-2A pro cleavage of eIF4G
The actual mechanism of cleavage of eIF4G by 2A pro leading to the shut-down of the host cell's translational machinery continues to be the subject of much debate Bovee et al., 1998 and references therein) . Two mechanisms have been proposed: a direct cleavage of eIF4G by 2A pro or 2A pro activation of a latent cellular proteinase that is then responsible for the cleavage of eIF4G. Although the weight of evidence supports the direct cleavage of eIF4G by 2A pro , the poor cleavage of pure eIF4G in vitro has raised doubts about the direct cleavage. The structure of HRV2-2A pro supports a direct cleavage event. The amino acids recognized by HRV2-2A pro at its cleavage site on eIF4G (Leu-Ser-Thr-Arg*GlyPro; Lamphear et al., 1993; Sommergruber et al., 1994a) can be accommodated at the active site. In addition, studies of the cleavage mechanism of eIF4G by HRV2-2A pro and PV1-2A pro have shown that the cleavage of eIF4G is improved significantly when it is part of a complex with eIF4E, as in the eIF4F complex (Haghighat et al., 1996; Ventoso et al., 1998) . Given the requirements of a long peptide substrate and a fairly long and narrow substrate-binding groove of HRV2-2A ( Figure 6C ), it is plausible that HRV2-2A pro has evolved to recognize a conformation of eIF4G that is formed when eIF4E is bound, thus explaining the higher cleavage efficiency of eIF4G in this state. The structure of HRV2-2A pro would thus support a direct cleavage mechanism of eIF4G as part of eIF4F.
Why is a second proteinase necessary for enteroand rhinoviruses?
The similarity of the HRV2-2A pro and the picornaviral 3C pro folds implies that the two cysteine proteinases have arisen by gene duplication. Why have the entero-and rhinoviruses evolved two cysteine proteinases having similar catalytic mechanisms based on cysteine nucleophiles but with different specificity? Obviously, the viruses benefit from the presence of this additional proteinase. Although 2A pro has been suggested to take part in other processes such as RNA replication, we believe that one of the primary benefits of 2A pro is in promoting its own IRES by causing the host-cell translational shut-off. As both entero-and rhinoviruses have a weak-binding IRES compared with the other picornaviruses, the processing of eIF4G by 2A pro is most likely vital in order for the IRES to compete with the host cell's cap-binding complex. In the absence of a canonical cleavage site for a 3C pro in the region of eIF4G between the eIF4E and eIF3 binding sites, it seems likely that further evolution of 3C pro to perform the eIF4G cleavage would not be possible without affecting polyprotein processing and RNA binding. eIF4G is also cleaved during replication of foot-and-mouth disease virus; however, 3C pro is once again not responsible for this reaction. Instead, a papain-like cysteine proteinase, designated the leader proteinase, performs this cleavage (Devaney et al., 1988) at a site six amino acids upstream from that of 2A pro cleavage (Kirchweger et al., 1994; Guarné et al., 1998) , also supporting the idea that 3C pro cannot evolve to carry out the reaction required to induce the host-cell shut-off. Interestingly, recent studies indicate that 2A pro is also involved in the cleavage of the poly(A)-binding protein (PABP) (Joachims et al., 1999; Kerekatte et al., 1999) . PABP is believed to be important for initiation of the host cell's translation and has been shown to interact with eIF4G (Sachs et al., 1997) . This further indicates that the proteolytic trans cleavage activity of 2A pro is vital for entero-and rhinoviruses in promoting their weak-binding IRES. Indeed, the commitment of precious coding space to an additional proteinase for the cleavage of eIF4G and PABP emphasizes the importance of this reaction for viral replication. The structure of HRV2-2A pro presented here represents the first views of a cysteine proteinase with a chymotrypsin-like fold that is capable of inducing picornaviral host-cell shut-off.
Materials and methods

Crystallization
Expression and purification of HRV2-2A pro were as reported previously . HRV2-2A pro was dissolved in 10 mM β-mercaptoethanol at a concentration of 20 mg/ml. Crystals were grown at 4°C by the hanging drop vapour diffusion method by mixing 2 μl of the protein solution and 2 μl of crystallization buffer, and equilibrating the drop against the crystallization buffer (1 ml). The crystallization buffer consisted of 7.5% PEG8K, 0.3 M KCNS, tertiary amyl alcohol 5% v/v, glycerol 10% v/v, 10 mM β-mercaptoethanol and 50 mM sodium potassium phosphate pH 8.0. Crystals grew within 1-2 weeks and had typical dimensions of 0.5 ϫ 0.08 ϫ 0.08 mm 3 .
Data collection
Two datasets, one for MAD phasing and a second high-resolution dataset to be used for refinement, were collected at the National Synchrotron Light Source, Brookhaven National Laboratory. All data were collected on flash-frozen crystals at 100 K by transferring the crystal rapidly into a cryoprotectant containing mother liquor made up to 30% v/v glycerol. The MAD data were collected on beamline X12C, equipped with a Brandeis 10 ϫ 10 cm 2 CCD detector. The MAD experiment was conducted as a classical three-wavelength experiment over the absorption edge of zinc. Two of the wavelengths, L1 and L2, were chosen at the inflection point and the peak of the absorption edge of zinc (1.2835 and 1.2827 Å, respectively), whereas the last (L3) was a remote wavelength at 1.2450 Å. The data at each wavelength were collected in a single sweep through reciprocal space. The high-resolution data were collected on beamline X25 using a 20 ϫ 20 cm 2 Brandeis CCD detector. The wavelength was set at 1.1 Å. All images collected were integrated and scaled using the programs DENZO and SCALEPACK from the HKL package (Otwinowski and Minor, 1997) . All data were scaled using the Wilson plot program Truncate in the CCP4 program suite (Collaborative Computational Project Number 4, 1994) .
Phasing and refinement
The MAD data collected from X12C were treated as three derivatives having anomalous scattering contributions. L1 was chosen as the reference data contributing with an anomalous signal only, whereas L2 and L3 both contributed with a dispersive and anomalous signal. All three datasets were put on a common scale using the CCP4 program SCALEIT. The positions of the zinc atoms were found by inspecting the anomalous Patterson map computed from dataset L2. SHELXS-90 (Sheldrick, 1991) was used in interpreting the Patterson map. The two Zn positions and their dispersive and anomalous occupancies were refined using the program MLPHARE (Otwinowski, 1991) . The electron density maps from the phase determination showed clear boundaries between protein and solvent channels. Further density modification was carried out in two steps using the CCP4 program DM (Cowtan and Main, 1996) . Initially, only solvent flattening and histogram matching were applied to 2.7 Å. The resulting electron density map clearly revealed the positions of the two molecules in the asymmetric unit and the NCS operator was determined by manually aligning the bones skeleton of one of the molecules in the asymmetric unit to superimpose on top of the other. In the second step, solvent flattening, histogram matching and 2-fold averaging were performed; the phases were extended to 2.2 Å. The resulting electron density was of excellent quality and the entire peptide chain in both molecules, except for the last three residues at the C terminus, could be traced unambiguously.
The initial model was built using TURBO-FRODO based on the 2.2 Å resolution electron density map. The model was subsequently refined against the 1.95 Å resolution data using simulated annealing and individually restrained B-factor refinement with the program CNS (Brunger et al., 1998) including all measured reflections. Both overall anisotropic B-factor corrections and bulk solvent corrections were applied. In the early stages of the refinement, NCS restraints were applied, but were relaxed in the later stages without any dramatic change in either the working R-factor or in the free R-factor. In the last steps of the refinement, water molecules were included only if there was spherical density in both the F o -F c and 2F o -F c electron density maps, and the peaks were within hydrogen-bonding distance of a hydrogen bond donor or acceptor atoms in the protein molecules. Finally, all water molecules having a B-factor of Ͼ70 Å 2 after B-factor refinement were removed from the coordinate list. The atomic coordinates have been deposited in the Protein Data Bank, accession code 2HRV.
